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Abstract—We develop a method for mismatch-correcting
temporal waveforms measured with a high-speed electrooptic
sampling system to 200 GHz. The new calibration determines a
complete equivalent-circuit model describing the source in both
the time and frequency domains with uncertainties, and accounts
for all impedances and multiple reflections in the measurement
system.

Index Terms—Electrooptic sampling (EOS), mismatch correc-
tion, on-wafer measurement, temporal waveform measurement.

1. INTRODUCTION

E DEVELOP and demonstrate a novel method of mea-

suring and mismatch-correcting temporal waveforms in
alossy coplanar waveguide (CPW) fabricated on an electrooptic
LiTaOg3 substrate. We correct our measurements for the com-
plex characteristic impedance and dispersion of the CPW, mis-
matches, and multiple reflections in the measurement system.
These corrections use complex impedance measurements made
with an ohmmeter at dc, a vector network analyzer (VNA) to
110 GHz, and a novel and completely noninvasive slotted-line
technique above 110 GHz.

Electrooptic sampling (EOS) has been used to characterize
printed transmission lines at very high frequencies [1], to
measure high-speed waveforms [2] and scattering parameters
[3]-[5], and to characterize the invasiveness of electrooptic
probes [6]. In [7]-[9], we reported on mismatch-corrected
frequency-domain waveform measurements to 110 GHz. We
performed all of our impedance measurements in [7]-[9] with
a 110-GHz VNA. However, the bandwidth limitation of the
VNA prevented us from characterizing our sources, which have
significant energy above 110 GHz, in the time domain. Thus, a
fully mismatch-corrected characterization of the source in the
time domain was not possible.

Here, we develop slotted-line impedance measurements
using our noninvasive EOS system. We demonstrate the mea-
surements up to the frequency where the spectrum of the source
approaches the noise floor of our instrumentation, approxi-
mately 200 GHz in our case. As a result, we can measure and
mismatch correct almost all of the energy in the signal. We
perform these measurements in CPW because we can excite a
single well-defined electromagnetic mode in CPW to frequen-
cies much higher than possible in standard coaxial transmission
media.

Using these exceptionally high-speed measurements, we
transform our uncorrected measurements to the frequency
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Fig. 1. Sketch of the EOS system. The source consists of the photoreceiver,
probe head, and short section of the CPW. The termination consists of a section
of the CPW terminated in a planar resistor. Changing the delay of the sampling
beam allows us to map out the voltage at the reference plane in the CPW as a
function of time. After [7]-[9].

domain, perform electrical mismatch corrections, and then
transform the results back into the time domain. We can recover
the time-domain signal accurately because our low noise floor
allows us to obtain a 200-GHz measurement bandwidth, which
is significantly larger than the roughly 70-GHz bandwidth of
the pulse we are measuring.

Since our measurements are mismatch corrected, we can ac-
curately compute quantities such as the voltage our on-wafer
source would supply to a perfect 50-€2 load in the CPW. Al-
though not the focus of this paper, the method also determines
both the frequency-domain and temporal Thévenin and Norton
equivalent circuits describing the source [7], and could be used
to calibrate other temporal on-wafer measurement systems with
bandwidths exceeding those possible in 1-mm coaxial transmis-
sion lines.

II. MEASUREMENT SYSTEM

We used the noninvasive EOS system described in [7]-[9] to
measure the electrical waveform of an “on-wafer source” in the
CPW. This source consisted of a photoreceiver, probe head, and
270-pm section of the CPW before the measurement reference
plane.

Fig. 1 sketches the EOS system we used. The mode-locked
fiber laser emits a series of short roughly 100-fs optical pulses
that are split by the beam splitter into an optical “excitation
beam” and an optical “sampling beam.” The optical excitation
beam excites the photoreceiver, which generates a fast electrical
pulse that is coupled onto the CPW line by the wafer probe. This
waveform is terminated by a resistive load at the end of the CPW.

0018-9480/$20.00 © 2005 IEEE
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Fig. 2. Uncorrected measurements of the waveform at the CPW reference
plane. The pulse at roughly 200 ps is due to the 108-€2 terminating resistor, and is
not an artifact of the source. The differentiated pulse at roughly 400 ps is due to
multiple reflections inside the source. The inset shows the same measurements
on a finer scale.

We use the optical sampling beam to reconstruct the repeti-
tive electrical waveform generated by the source at the on-wafer
reference plane in the CPW. We do this by passing the sam-
pling beam through a variable optical delay, polarizing it, and
then passing it through one of the gaps of the CPW. Since the
LiTaOj3 substrate is electrooptic, the electric field between the
CPW conductors changes the polarization of the optical sam-
pling beam passing through it. We detect this change, which is
proportional to the voltage in the CPW at the instant at which
the optical pulse arrived there, with our polarization analyzer
without perturbing the electrical signal on the CPW at all. By
adjusting the delay in the path of the sampling beam, we adjust
the relative time at which the optical pulse in the sampling beam
reaches the surface of the substrate. We are thus able to trace out
the electrical waveform in the CPW as it evolves with time, as
described in [7]-[9].

III. UNCORRECTED PULSE MEASUREMENTS

Fig. 2 shows four uncorrected waveforms we measured in the
CPW with our EOS system. The thick grey line corresponds
to the waveform we measured with the source terminated in a
200-pum open CPW stub. The other three thin black lines cor-
respond to waveforms generated by the source terminated by a
200-pm section of CPW terminated in a resistor with a dc re-
sistance of approximately 37 €2, by a 5200-um section of CPW
terminated in a resistor with a dc resistance of approximately 37
2, and by a 5200-pm section of CPW terminated in a resistor
with a dc resistance of approximately 108 €.

Even though the source is the same in all four cases, the main
pulse as measured with the source terminated in the open CPW
stub splits into two pulses approximately 6 ps apart, and is much
broader than when the source is terminated in the three resistive
terminations. We observed a similar broadening of the pulses in
[7] and [8], but could not resolve the splitting in these previous
measurements due to the longer duration of the pulses generated
by those lower bandwidth sources.
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Fig. 3. Equivalent-circuit model for the source and CPW termination.

The waveform with the source terminated in the 5200-pm
section of CPW terminated in a resistor with a dc resistance
of approximately 108 €2 has a bump at approximately 210 ps,
and both waveforms with the source terminated in the longer
5200-pm section of line have small “shoulders” that extend out
to approximately 210 ps. Furthermore, while all of the wave-
forms exhibit a second differentiated pulse at approximately
400 ps, the shape of this pulse differs with the termination em-
ployed.

We used the simplified equivalent-circuit model of Fig. 3 to
better understand these artifacts of the measurements. The first
50-§2 transmission line in front of the source models the delay
between the photoreceiver and the on-wafer reference plane due
to the adapters and probe head we employed. We determined the
length in the model from 110-GHz reflection coefficient mea-
surements of the photoreciever. From the geometry and dielec-
tric constant of LiTaO3, we estimated Clt,y,, the parasitic ca-
pacitance associated with the 25-,m section of the CPW under-
neath the probe tip and its fringing fields, to be approximately
21.5 fF. We determined the characteristic impedance and prop-
agation constant of the CPW from fits to our VNA measure-
ments. We determined the impedance Zgoyrce from 110-GHz
VNA measurements and approximated the impedance of the
on-wafer resistors from their dc resistances. Finally, we set the
pulsewidth of the photoreceiver in the model to 6 ps, a value
that corresponds well with our uncorrected pulsewidth measure-
ments.

We then used a circuit simulator to evaluate the model of
Fig. 3. The simulations agreed remarkably well with our mea-
surements. The delays between the main pulse and the other
pulses in our simulations agreed to within roughly 2 ps and the
shapes displayed the same trends and features. This allowed us
to easily identify the splitting of the main pulse in the open-stub
measurement with the reflection of the main pulse off of the
open CPW stub, the shoulders with charging and discharging of
the lossy CPW in the terminations, and the pulse at 210 ps as due
to a reflection off of the 108-€2 resistor. The model also showed
that the second differentiated pulse at approximately 400 ps in
Fig. 2 is due to a reflection in the source between the photore-
ceiver and capacitance Cgt,, due to the short section of the CPW
under the probe tip.

IV. IMPEDANCE MEASUREMENTS

We used a conventional VNA and an on-wafer multiline
thru-reflect-line calibration [10] to measure the reflection co-
efficients of the source, consisting of the photoreceiver, probe
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head, and short section of the CPW, and of our terminations
(either the CPW stub or the resistively terminated CPW lines) at
our on-wafer reference plane to 110 GHz. This calibration also
determines the propagation constant v of the CPW. We then
measured the capacitance C' per unit length of the CPW using
the short 200-um section of resistively terminated CPW, as
described in [11], and determined the characteristic impedance
Z of the CPW from C' and « [12]. Finally, we corrected the
reference impedance of our calibration with this measured
value of Zj, as described in [12].

Since our EOS system is entirely noninvasive, we are also
able to perform nearly ideal slotted-line measurements in the
CPW above 110 GHz without perturbing the electrical signals
in the CPW with invasive probes such as those used in [1]-[6].
To perform the slotted-line measurements, we measured the
voltage not only at the CPW reference plane in Fig. 1, but
also roughly 100 pm to the left- and right-hand side of the
CPW reference plane. The frequency-domain voltage v(z) at a
position z in the CPW satisfies

v(z) =k (€777 + Tpe™?) (1)

where k is a position-independent source term, -y is the propa-
gation constant of the CPW mode, and Ty is the reflection coef-
ficient of the CPW termination at our on-wafer reference plane
(z = 0) with respect to a reference impedance of Zy. This ap-
proach rigorously accounts for multiple reflections in the mea-
surements between the CPW terminations and the various dis-
continuities captured in the reflection coefficient of the source,
including reflections in the photoreceiver, probe head, and tran-
sition to the CPW line.

In contrast to the reflection coefficients we measured, the rel-
ative propagation constant is nearly flat and varies slowly at
high frequencies. Thus, to simplify the solution of (1), above
110 GHz, we used extrapolated values of v measured by our
VNA. To perform this extrapolation, we fit the resistance R and
inductance L per unit length of our CPW lines to the values
of R and L we measured with our VNA below 110 GHz with
the heuristic formulas R = rg 4+ rif + r2f% and L = Iy +
11f% + 72(1 + £)~%5. From these extrapolated values of R
and L and our low-frequency value of C, we then estimated -y
above 110 GHz. This allowed us to solve for k& and I'g in (1)
with a straightforward linear least squares fit from our measure-
ments of v(z) performed at our three sampling points separated
by roughly 100 pm.

We also used our previously measured values of v below
110 GHz and previously extrapolated values of v above
110 GHz to estimate the complex characteristic impedance Z
of the lossy CPW and reset the reference impedance to 50 {2
with the methods of [11] and [12]. This allowed us to overcome
the approximations of constant real characteristic impedances
used in [4] and [5] when calculating reflection coefficients.

Finally, we determined the reflection coefficients and imped-
ances of our on-wafer structures in this way to 375 GHz.!

ITo measure the reflection coefficient of our photoreceiver and probe, we em-
ployed a thru line and a second similar photoreceiver and probe at its far end as
an electrical source.
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Fig. 4. Fourier transforms of the raw measurements, as well as the corrected
measurement for our 200-gm and 37-€2 resistor. The normalized scale on the
left-hand side allows the data to be compared easily. The scale on the right-hand
side gives the amplitude response of the photoreciever in the CPW generated by
a narrow optical pulse that creates one coulomb of charge at the photoreceiver’s
bias port.

V. MiISMATCH CORRECTION

We calibrated the overall amplitude response of our EOS
system with a 1-kHz sine wave and calibrated ac voltmeter,
This procedure relies on the fast response time of the LiTaO3
to transfer this 1-kHz calibration to the other frequencies we
measured. We were careful to measure and account for all cable
losses in this process.

Since our measurement system is linear and (except during
the short time interval during which the photoreceiver is being
excited by the optical pulse) time invariant, we are able to repre-
sent our measurements in both the time and frequency domains.
To mismatch correct the waveforms in Fig. 2, we transformed
our temporal measurements to the frequency domain, as illus-
trated in Fig. 4. This figure shows the Fourier transforms of the
measurements in resistively terminated CPW as dashed lines
and the measurements in the open CPW stub as a wide grey
line.

We then used our impedance measurements to determine the
voltage that the source would generate across a perfect 50-§2
load. The corrected data for the 200-pm 37-€ resistive termina-
tion is shown as a black solid line in Fig. 4. Finally, we trans-
formed the frequency-domain results back into the time do-
main to obtain the four temporal mismatch-corrected impulse
responses of our source plotted in Fig. 5.

Fig. 5 shows that the splitting of the main pulse measured
with the open CPW stub disappears, and the shoulders and re-
flection at 250 ps in the uncorrected measurements are absent,
confirming that these were artifacts of the terminations, not of
the source. The differentiated pulse at roughly 400 ps remains,
and the shapes of this pulse after correction are independent of
the terminations, confirming that this is, indeed, an attribute of
the source, and not of the terminations.

VI. MEASUREMENT BANDWIDTH AND NOISE FLOOR

The power in the spectrum of our source reaches the approxi-
mately 0.1-V/C - Hz noise floor of our measurement system (see
Fig. 4) at approximately 230 GHz. As the signal falls into the
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Fig. 5. Corrected waveform measurements at the CPW reference plane. The
photons in the short optical input pulse generate charges that are swept out of
the photodiode. The plotted quantity corresponds to the voltage the source will
generate in the CPW when excited by a narrow optical pulse that generates
1 pC of charge at the photoreceiver’s bias port. The inset shows the same
measurements on a finer scale.
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Fig. 6. RMS voltage in the corrected waveforms just before the main pulse
arrives (dashed curve) and the ratio of the energy in the difference of the
corrected frequency-truncated signal and corrected full-bandwidth signal (solid
curve) to the total energy in the signal as a function of the bandwidth used to
reconstruct the temporal waveform from its frequency-domain representation.
The arrows near the bottom of this figure indicate the approximate drop in the
level of the power spectrum of the waveform from its low-frequency value as a
function of frequency.

noise, it becomes difficult to measure and our slotted-line reflec-
tion-coefficient measurements loose accuracy. Thus, the noise
floor of our measurement system, rather than the fundamental
response time of the system itself, is the most important factor
determining our ability to characterize a high-speed waveform.

Fig. 6 illustrates the importance of achieving a low system
noise floor and, thus, capturing as much of the bandwidth and
energy in the signal as possible. We first looked at ringing in the
corrected waveforms just before the main pulse arrived intro-
duced by truncating the spectrum of the waveform. The dashed
curve plots the root mean square (rms) voltage of our corrected
waveform between 0-36 ns (just before the arrival of the main
pulse) as a function of the bandwidth used to reconstruct the
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temporal waveform from its frequency-domain representation.
As the signal bandwidth is reduced, ringing in the temporal
waveform due to truncation of the frequency-domain represen-
tation results in significant voltage deviations before the arrival
of the main pulse. Since we do not see these voltage deviations
in the uncorrected measurement, we believe that this is a good
indication of the measurement error between 0-36 ps due to fre-
quency truncation.

The solid curve in Fig. 6 shows the total energy in the dif-
ference of the frequency-truncated signal and full-bandwidth
signal as a function of the bandwidth used to reconstruct the
temporal waveform from its frequency-domain representation.
Again, discrepancies in the results grow as the signal bandwidth
is reduced, illustrating the importance of obtaining a low mea-
surement-system noise floor for these measurements. Not only
do the curves in Fig. 6 flatten out above 250 GHz, but our mea-
surements with 200 GHz or greater bandwidth were nearly iden-
tical to our measurements made using the entire 375 GHz of
bandwidth.

VII. MEASUREMENT UNCERTAINTY

There is an uncorrected residual ripple with a period of
roughly 14.7 ps in the open-stub measurements. We attribute
this ripple to the difficult-to-correct 25-dB notch in the spectrum
of the raw open measurements at 68 GHz shown in Fig. 4. We
found it difficult to precisely identify the cause of this 68-GHz
notch in the spectrum, but it does appear to be associated with
the pulse splitting and shoulder in the 50-80-ns region of Fig. 2.

Except for this residual ripple in the open-stub measurements,
the four measurements agree quite well. In fact, it is nearly im-
possible to distinguish the three mismatch-corrected waveforms
performed with the resistive terminations plotted in solid black
lines in Fig. 5.

To better quantify our measurement accuracy when using re-
sistive terminations, we constructed a Monte Carlo simulator to
estimate the systematic errors in our measurements due to the
finite response time of the LiTaOg3 substrate, the finite optical
pulsewidth and optical beam waist, penetration and spatial vari-
ation of the electric field into the substrate, and multiple optical
reflections in the substrate, as explained in [7]-[9]. To these er-
rors, we added estimates of the systematic errors due to drift, the
determination of C, linewidth and line-length errors, asymmetry
in the CPW reflect, and metal nonuniformity in our VNA cali-
brations, contact resistances in our dc resistance measurements,
the accuracy with which we can position the optical beam on
the wafer, and variation due to the choice of fitting ranges when
extrapolating +.

While we introduced the systematic measurement errors in
the frequency domain, we were careful to preserve the correla-
tions in the errors so that they would correctly transform back
into the time domain. As we explained earlier, this approach is
based on the linear and time-invariant properties of our mea-
surement system.

This analysis showed that the systematic uncertainty of our
open measurement was much larger than the systematic uncer-
tainty of our resistively terminated measurements. This is most
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Fig. 7. Standard and expanded 95% uncertainties for the mismatch-corrected

and resistively terminated temporal measurements of Fig. 4.

TABLE 1
RISE TIME AND PULSE DURATION
Parameter Value Standard 95%
(ps) uncertainty uncertainty
Rise Time 4.27 0.12 0.33
Pulse Duration  5.96 0.06 0.21

certainly due to difficulty of correcting for the 25-dB notch in
the spectrum of the open measurement shown in Fig. 4. Based
on this analysis of the systematic uncertainty, we excluded the
open from the measurement set. This illustrates an important
application of the uncertainty analysis: it can be used as an aid
in the selection of the best on-wafer terminations.

We next estimated our uncertainty due to random sources of
error (these are not accounted for by our Monte Carlo analysis)
from the deviations of the three remaining resistively terminated
measured waveforms. We then combined this estimate of our
random uncertainty with the estimate of systematic uncertainty
from our Monte Carlo simulator to obtain the combined stan-
dard uncertainty [13]. We used the Welch—Satterthwaite formula
with an infinite number of degrees of freedom for our system-
atic uncertainty and two degrees of freedom for our random un-
certainty to calculate our expanded 95% uncertainty from the
standard uncertainties in our measurements, as recommended
in [13]. Fig. 7 shows our combined standard uncertainty for the
measurements of the source terminated with the resistive termi-
nations in a solid line, and our expanded 95% uncertainty [13]
in a dashed line.

Finally, Table I shows our calculations of 10%—90% rise time
(first transition duration) and the full-width at half-maximum
pulse duration for our source when driving a 50-2 load. By cal-
culating these quantities for the three resistively loaded wave-
forms and in our Monte Carlo simulator, we were again able to
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separately estimate and then combine our random and system-
atic errors. Table I also shows the combined standard uncertainty
and expanded 95% uncertainty for these quantities.

VIII. CONCLUSION

These results have illustrated how useful mismatch correc-
tions can be for accurately characterizing the temporal charac-
teristics of a source from raw waveform measurements. While in
this paper we limited our discussion to the waveform the source
would supply to a perfect 50-(2 load, it is easy to find either the
Thévenin or Norton equivalent circuits for the source from this
information [7].

The results also show how mismatch corrections circumvent
some of the pitfalls of time-domain gating. For example, without
extra analysis, one might have chosen a time-domain window
that erroneously gated out the second differentiated pulse in the
measurements at about 400 ps.

The measurement method we have developed yields a com-
plete characterization of the impedance and temporal properties
of the source. The measurement bandwidth is limited only by
the bandwidth of the source. Finally, our measurement uncer-
tainties illustrate the remarkable accuracy of this unique mea-
surement technique.
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